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Abstract
A general technique is presented for treating CPT violation in neutral-meson oscillations. The effective field theory for a complex
scalar with CPT-violating operators of arbitrary mass dimension is incorporated in the formalism for the propagation and mixing of
neutral mesons. Observable effects are discussed, and first measurements of CPT-violating operators of dimension five are extracted
from existing experimental results.
The four neutral mesons K0, D0, B0
d
, B0s and their antiparti-
cles play a central role in investigations of fundamental sym-
metries. Although electrically neutral, each of these mesons
carries nonzero flavor. The weak interactions mix each meson
with its antiparticle, thereby inducing flavor oscillations that
can serve as a sensitive interferometer in searches for physics
beyond the Standard Model (SM) and General Relativity (GR).
The existence of CP violation in nature was uncovered using
this technique [1].
Among the fundamental symmetries that are accessible to
testing with neutral-meson oscillations is CPT invariance. This
symmetry is guaranteed to hold in any relativistic quantum field
theory, including the SM [2]. Interest in hypothetical violations
of CPT invariance has increased in recent years, stimulated by
the realization that they may arise in an underlying theory uni-
fying quantum physics and gravity such as strings [3]. The ad-
vent of a comprehensive framework for describing CPT viola-
tion at the level of effective field theory, the Standard-Model
Extension (SME) [4–6], has led to numerous experimental in-
vestigations [7–12] based on specific and detailed SME predic-
tions for experimental observables for CPT violation in neutral-
meson systems [13–19].
The propagation and oscillation of a neutral meson can be
described using a 2×2 effective hamiltonian Λ acting in the
space of meson and antimeson quantum states. In this formal-
ism, CPT violation is controlled by a complex parameter, de-
noted here by ξ, that is proportional to the difference between
the diagonal elements of Λ. Using this approach, early analy-
ses studying CPT violation in neutral-meson oscillations began
over 50 years ago [20]. These efforts preceded the establish-
ment of the SM and relied primarily on generic arguments at
the level of quantum mechanics. In this context, it seemed nat-
ural to assume that the parameter ξ controlling CPT violation
is a single complex number that is a universal constant quan-
tity for all meson species. However, the widespread accep-
tance of quantum field theory and the advent of the SM has
radically changed this understanding. We now know that the
SM provides an excellent description of nature and that small
deviations from it can be described using the tools of effective
field theory [21]. For CPT violation, adopting this methodology
yields the SME. In this comprehensive framework, it turns out
that the parameter ξ can depend on the meson flavor and, cru-
cially, must depend on the direction and magnitude of the me-
son 3-momentum and on the meson energy [13]. Moreover, all
laboratories represent noninertial frames due to the rotation of
the Earth, which implies that experimental observables involv-
ing ξ also depend on the location of the laboratory on the Earth’s
surface and on the sidereal time [13]. The phenomenological
description of CPT violation is therefore considerably more in-
teresting and involved than the historical approach would sug-
gest. Indeed, experiments that traditionally were regarded as
measuring the same quantity turn out in fact to be measuring
distinct phenomena.
The essential idea underlying the SME is to extend the SM
coupled with GR to an effective field theory that includes all op-
erators violating Lorentz symmetry [22]. In realistic effective
field theory, any operators violating CPT violate Lorentz sym-
metry as well [5, 23], so the SME also provides a general frame-
work for studying CPT violation. Terms in the SME beyond the
SM and GR can be organized as a series of operators of increas-
ing mass dimension d, each controlled by a coefficient that de-
termines the magnitude of effects and that is the target of experi-
mental measurements [24]. The minimal SME is the restriction
of the full SME to operators of d ≤ 4, which in Minkowski
spacetime produces a renormalizable theory. Nonminimal op-
erators with d ≥ 5 also play a central role in formal contexts
including studies of string theory [3, 25], causality and stability
[26], and Riemann-Finsler geometry [27–29], in searches for
Lorentz-invariant geometric extensions of GR including torsion
[30] and nonmetricity [31], and in phenomenological investiga-
tions including supersymmetric models [32] and noncommuta-
tive quantum field theories [33]. The key notion in the present
context is that the SME can be used to predict specific observ-
able signals for CPT violation in the neutral-meson systems.
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To date, all SME analyses of CPT violation in neutral-meson
oscillations have been performed using the minimal SME. In
this work, we develop techniques to handle also CPT-violating
operators of arbitrary nonminimal dimension d. This permits
a comprehensive treatment of CPT violation in meson propa-
gation and mixing, which can be used to analyze experimental
data in any of the neutral-meson systems. The primary idea is
to treat a meson-antimeson system using CPT-violating scalar
effective field theory [29], which bypasses many of the com-
plications associated with the nonminimal sector of the SME.
In what follows, we present the theory and then discuss some
applications to experiments.
The Schro¨dinger time evolution of a linear combination of
the wave functions for a generic neutral meson P0 and its an-
tiparticle P0 is governed by a 2×2 effective hamiltonianΛ. The
physical propagating mesons are the eigenstates of Λ, which
play a role paralleling that of the normal modes in a two-
dimensional mechanical oscillator [34]. The eigenvalues of Λ
are complex numbers λa ≡ ma−
1
2
iγa and λb ≡ mb−
1
2
iγb, where
ma, mb are the physical masses and γa, γb are the correspond-
ing decay rates. It is convenient to define also the quantities
λ = λa + λb and ∆λ = λa − λb.
Independent of phase conventions and of the size of CPT vi-
olation, the effective hamiltonian Λ can be expressed as [15]
Λ = 1
2
∆λ

U + ξ VW−1
VW U − ξ
 , (1)
where U ≡ λ/∆λ, V ≡
√
1 − ξ2. The complex parameter ξ con-
trols CPT violation and is determined by the difference ∆Λ of
diagonal elements of Λ, while the modulus w of the complex
parameter W = w exp(iω) controls T violation. The phase ω is
unobservable. Relationships between these quantities and var-
ious other parametrizations found in the literature are given in
Ref. [15].
The explicit form of ξ is determined by the underlying the-
ory, and it can be found by direct calculation in the context of
effective field theory. In the minimal SME, the expression for
ξ is known at leading order in the coefficients for CPT viola-
tion [13]. However, incorporating the nonminimal sector of the
SME is more challenging. In the strong and electromagnetic
sectors, a technique has recently been devised for constructing
all nonminimal terms including both propagation and interac-
tion [35], but the full SME is yet to appear in the literature. In
the present work we introduce a different approach that avoids
the complexities of the nonminimal SME, instead using scalar
effective field theory to determine key features of ξ. The idea is
to treat the corrections to the neutral-meson propagator as aris-
ing from the CPT-violating operators of arbitrary d that have
recently been constructed in scalar effective field theory [29].
This has the advantage of permitting the immediate calculation
of the explicit form of ξ while isolating for independent deriva-
tion [36] the specific connection between the coefficients for
CPT violation in the scalar effective field theory and the stan-
dard SME coefficients.
To implement this idea, we can follow the general perturba-
tive approach previously adopted for the minimal SME but now
applied instead to scalar effective field theory. In the SM limit,
the effective hamiltonian Λ is CPT invariant and the meson
wave functions can be taken as unperturbed states. In the mini-
mal SME, the contribution to Λ at leading order in coefficients
for CPT violation can be found by evaluating the expectation
values of the CPT-violating operators in the unperturbed states
[4]. The dominant effects turn out to arise from CPT-violating
corrections to the valence-quark propagators, while the CPT-
violating effects from the sea are suppressed. This procedure
yields the explicit form of ξ at leading order in minimal-SME
coefficients [13]. An analogous methodology can be applied in
the present context of scalar effective field theory, with the CPT-
violating operators being evaluated in the unperturbed meson
states. Note that this approach avoids the complexities of deter-
mining the valence-quark and sea contributions in the presence
of nonminimal SME operators, instead treating the meson as a
point particle in scalar effective field theory. In what follows,
we assume for definiteness that the dominant effects at arbitrary
d arise from operators correcting the meson propagation rather
than from meson interactions. This assumption is known to
hold in the minimal SME [13] and appears reasonable for non-
minimal interactions, which either appear suppressed by other
couplings or are controlled by independent SME coefficients.
A detailed investigation of contributions from nonminimal in-
teractions is an interesting open topic for future investigation.
Following this approach, we model the field operator for the
P0 and P0 mesons using a complex scalar φ. The required mod-
ifications to the meson propagation can then readily be handled
using effective field theory, even though a complete descrip-
tion of the meson behavior is challenging to model using only
a single field in a hermitian Lagrange density because the finite
meson lifetime implies nonhermitian contributions to the effec-
tive hamiltonian Λ. Explicitly, the CPT-violating contributions
LCPT to the Lagrange density describing the propagation of φ
in scalar effective field theory can be written as [29]
LCPT ⊃ −
1
2
iφ†(̂ka)
µ∂µφ + h.c., (2)
where (̂ka)
µ is constructed as a series containing arbitrary even
powers of derivatives ∂α. We assume here that the CPT vio-
lation is perturbative and maintains energy-momentum conser-
vation, which implies (̂ka)
µ is independent of spacetime posi-
tion. The constant coefficients appearing in the series (̂ka)
µ can
then be taken hermitian without loss of generality. Note that
the expression LCPT preserves the U(1) symmetry associated
with the meson flavor, as expected for diagonal contributions
to the effective hamiltonian Λ. In contrast, hermitian quadratic
contributions to the Lagrange density simultaneously violating
the flavor U(1) and CPT symmetries reduce to total-derivative
terms leaving unaffected the physics. Hermitian quadratic terms
violating the U(1) symmetry while preserving CPT also exist
and can affect oscillations, but they are irrelevant in determin-
ing ξ because they contribute only to off-diagonal components
of Λ. The terms (2) are therefore the only ones of relevance for
the calculation of ξ, and taking appropriate expectation values
in unperturbed meson states can be expected to yield hermitian
corrections to the effective hamiltonian and hence real contri-
butions to ∆Λ.
2
In momentum space with the identification i∂µ ↔ pµ, we can
write
(̂ka)
µ =
∑
d≥3
(k(d)a )
µα1α2...αd−3 pα1 pα2 . . . pαd−3 , (3)
where the sum is over odd values of d. To avoid possible is-
sues with an infinite range for this sum, we can take the number
of Lorentz-violating terms to be arbitrary but finite [37]. The
quantities (k
(d)
a )
µα1α2 ...αd−3 are the coefficients for CPT violation
in the scalar effective field theory. The label d specifies the mass
dimension of the corresponding operator in LCPT, and the coef-
ficients can be taken as real spacetime constants with dimension
4−d. Each coefficient has d−2 spacetime indices and is totally
symmetric, so it is convenient to use a symmetric notation for
the indices, writing the coefficient as (k
(d)
a )
µ1µ2...µd−2 . Field redefi-
nitions permit the traces of a coefficient at fixed d to be absorbed
into coefficients at lower d [29], so all coefficients can be taken
as traceless. The number of independent traceless components
of (k
(d)
a )
µ1µ2...µd−2 at fixed d is (d−1)2. We remark in passing that
the properties of (k
(d)
a )
µ1µ2...µd−2 imply that the mesons propagate
along geodesics of a Riemann-Finsler spacetime [27], which
for the case d = 3 is a Randers spacetime [38] and for d ≥ 5 is a
k spacetime [29]. In this picture, the flavor conversion from P0
to P0 corresponds to a transition between two partial geodesics
with opposite 4-velocities in Randers or k space, matching the
usual notion in relativistic quantum mechanics in which an an-
tiparticle is interpreted as a particle moving backwards in time
with opposite 3-velocity.
Measuring the coefficients (k
(d)
a )
µ1µ2...µd−2 is the goal of exper-
iments searching for CPT violation. The components of the
coefficients are frame dependent, so reporting a measurement
requires specifying a chosen inertial frame. Due to the rotation
of the Earth and its revolution about the Sun, all laboratories on
the surface of the Earth are noninertial. Instead, the canonical
frame used in the literature to report results is the Sun-centered
frame [39], for which the time coordinate T has origin at the
vernal equinox 2000, and the spatial coordinates XJ = (X, Y, Z)
are defined so that Z parallels the Earth’s rotation axis, X is
directed from the Earth to the Sun at T = 0, and Y is the or-
thogonal axis in a right-handed system. The coefficients of ex-
perimental interest in the present context are therefore the com-
ponents of (k
(d)
a )
µ1µ2...µd−2 evaluated in the Sun-centered frame.
The general formalism (1) is valid for nonrelativistic mesons,
and the quantities ξ and w governing CPT and T violation are
associated with the meson and defined in a comoving frame.
The frame dependence of the coefficients (k
(d)
a )
µ1µ2...µd−2 means
that some care is required in deriving an explicit expression
for ξ. Several approaches are possible, all yielding the same
results. We follow here a stepwise derivation inspired by the
method introduced in Ref. [13] in the context of the minimal
SME. Since the Sun-centered frame is the canonical choice for
reporting results on (k
(d)
a )
µ1µ2...µd−2 , we first consider a meson at
rest in this frame. Results for a boosted meson and in other
frames can then be derived by judicious use of particle and ob-
server Lorentz transformations. Also, although any experimen-
tal measurement can involve coefficients with multiple values
of d, for practical purposes it is often useful and conventional
to restrict attention to only one value of d at a time [24]. We
therefore write
ξ =
∞∑
d=3
ξ(d), (4)
where the sum is over odd values of d, and we present a deriva-
tion of ξ(d) at any fixed d.
According to the formalism (1), the value of ξ(d) is related to
the difference of energies of the P0 and P0 mesons. The leading-
order shift of the energy of a meson at rest in the Sun-centered
frame is given by the expectation value of the perturbation to
the nonrelativistic hamiltonian. The scalar in the effective field
theory has a Klein-Gordon kinetic term, so the relativistic La-
grange density contains the combination φ†p2φ+LCPT(p). The
CPT-violating correction to the unperturbed hamiltonian for a
meson at rest in the Sun-centered frame can therefore be iden-
tified as −LCPT(m)/2m, where m is the P
0 mass. This constant
shift gives equal and opposite contributions to the effective en-
ergies for P0 and P0, which implies that the explicit form of ξ(d)
for mesons at rest in the Sun-centered frame is
ξ(d) =
md−3
∆λ
(k(d)a )
TT ···T , (rest, Sun−centered frame). (5)
To obtain a result valid for mesons moving in the Sun-
centered frame, one must perform a particle boost while leaving
unchanged the coefficients. Noting that the meson 4-velocity
βµ takes the form βµ = (1, 0, 0, 0) for mesons at rest, we can
write (k
(d)
a )TT ···T = β
µ1βµ2 · · · βµd−2 (k
(d)
a )µ1µ2...µd−2 . Performing the
particle boost changes the meson 4-velocity to βµ = γ(1, ~β) but
leaves the coefficients (k
(d)
a )
µ1µ2...µd−2 unchanged. This shows that
the expression for ξ(d) for moving mesons in the Sun-centered
frame is
ξ(d) =
md−3
∆λ
βµ1βµ2 · · · βµd−2 (k(d)a )µ1µ2...µd−2 ,
(boosted, Sun−centered frame). (6)
Note that this result reveals that a moving meson in the Sun-
centered frame is affected by more components of coefficients
for CPT violation than a meson at rest. Contributions from co-
efficients with different d come with different powers of βµ and
so are physically distinct. This also confirms that the coeffi-
cients can be taken traceless, as any trace contribution is pro-
portional to at least one power of the Minkowski metric and
hence eliminates two or more factors of βµ via the identity
ηµνβ
µβν = 1.
The expression (6) is invariant under changes of observer
frame, which transform both the meson velocities and the co-
efficients for CPT violation. In particular, this means that the
explicit expression for ξ(d) in an inertial frame instantaneously
comoving with a laboratory on the Earth takes the form
ξ(d) =
md−3
∆λ
βµ1βµ2 · · · βµd−2 (k(d)a )
lab
µ1µ2...µd−2
,
(laboratory frame), (7)
where βµ is now the meson 4-velocity in the laboratory and
the coefficients (k
(d)
a )
lab
µ1µ2...µd−2
are measured in the laboratory
3
frame. The equation relating (k
(d)
a )
lab
µ1µ2...µd−2
in the laboratory
to (k
(d)
a )µ1µ2...µd−2 in the Sun-centered frame involves an instan-
taneous observer Lorentz transformation, so the rotation and
revolution of the Earth imply that the coefficients (k
(d)
a )
lab
µ1µ2...µd−2
depend on the time T and on the location of the laboratory.
In practical applications, it is convenient to perform a time-
space decomposition of the expression (7) and then express the
results in terms of coefficients in the Sun-centered frame. To
achieve this, first write βµ = γ(1, ββˆ) where β is the magnitude
of the meson three-velocity in the laboratory frame, βˆ is a unit
vector along its spatial direction, and γ = 1/
√
(1 − β2) is the
meson boost factor. Denoting the time index by t and the spatial
ones by j with j = x, y, z, we can then decompose ξ(d) in the
laboratory frame as
ξ(d) =
md−3γd−2
∆λ
∑
k
(d−2)Ckβ
kβˆ j1 · · · βˆ jk (k(d)a )
lab
t···t j1··· jk
, (8)
where the sum over k spans 0 ≤ k ≤ d − 2 and (d−2)Ck is the
usual binomial coefficient.
Next, note that the laboratory boost due to the rotation and
revolution of the Earth is of order 10−4, so at zeroth order in
this small quantity the transformation between (k
(d)
a )
lab
µ1µ2...µd−2
in
the laboratory and (k
(d)
a )µ1µ2...µd−2 in the Sun-centered frame is
a rotation. Implementing the rotation yields the desired final
result,
ξ(d) =
md−3γd−2
∆λ
∑
k
(d−2)Ckβ
kβˆ′J1 · · · βˆ′Jk (k(d)a )T ···T J1···Jk , (9)
where βˆ′J is a unit vector with components in the Sun-centered
frame given by
βˆ′X = (βˆx cosχ + βˆz sin χ) cosω⊕T⊕ − βˆ
y sinω⊕T⊕,
βˆ′Y = βˆy cosω⊕T⊕ + (βˆ
x cosχ + βˆz sinχ) sinω⊕T⊕,
βˆ′Z = βˆz cosχ − βˆx sinχ. (10)
Here, cosχ ≡ zˆ · Zˆ is the projection of the unit vector in the z
direction onto the unit vector in the Z direction. This projec-
tion can be expressed as a trigonometric combination of the
colatitude and orientation of the laboratory. The frequency
ω⊕ ≃ 2π/(23 h 56 min) is the Earth’s sidereal rotation fre-
quency. The time T⊕ is any convenient local sidereal time dif-
fering from the canonical time T in the Sun-centered frame by
an appropriate adjustment of the time zero. For example, one
choice for T⊕ is associated with the standard laboratory frame
defined in Ref. [39] and is shifted relative to T by an integer
number of sidereal days and an additional amount that depends
on the laboratory longitude according to Eq. (43) of Ref. [40].
The result (9) exhibits several interesting features. As antic-
ipated, the parameter ξ(d) = ξ(d)(β, βˆ, T⊕, χ) for CPT violation is
found to depend explicitly on the magnitude and direction of the
meson velocity, on the sidereal time, and on geometric factors
associated with the location of the laboratory. The oscillatory
dependence on sidereal time includes components ranging from
the zeroth to the (d − 2)th harmonic in the Earth’s sidereal fre-
quency ω⊕. For the special case of d = 3 only the zeroth and
first harmonics appear, in agreement with known results in the
context of the minimal SME [13]. Expanding the expression
(9) and comparing to the analogous SME result reveals that for
d = 3 the connection between the coefficient (k
(3)
a )µ in the scalar
effective field theory and the SME coefficient combination ∆aµ
is comparatively simple: (k
(3)
a )µ ≈ 2∆aµ. However, the corre-
spondingmatches for higher d are more involved and lie outside
our present scope [36].
In the nonminimal sector, the CPT-violating operator of low-
est dimension has d = 5. The corresponding coefficient is
(k
(5)
a )λµν, and its 20 symmetric components can conventionally
be chosen as (k
(5)
a )TTT , (k
(5)
a )TT X , (k
(5)
a )TTY , (k
(5)
a )TTZ , (k
(5)
a )T XX ,
(k
(5)
a )T XY , (k
(5)
a )T XZ , (k
(5)
a )TYY , (k
(5)
a )TYZ , (k
(5)
a )TZZ , (k
(5)
a )XXX,
(k
(5)
a )XXY , (k
(5)
a )XXZ, (k
(5)
a )XYY , (k
(5)
a )XYZ , (k
(5)
a )XZZ , (k
(5)
a )YYY ,
(k
(5)
a )YYZ , (k
(5)
a )YZZ , and (k
(5)
a )ZZZ . The requirement of traceless-
ness implies that (k
(5)
a )µα
α = 0. This can conveniently be used
to eliminate the four components (k
(5)
a )µZZ , µ = T, X, Y, Z via
(k(5)a )µZZ ≡ (k
(5)
a )µTT − (k
(5)
a )µXX − (k
(5)
a )µYY , (11)
thereby leaving 16 independent observable components.
With the conditions (11) understood, the expression (9) for
ξ(5) takes the form
ξ(5) =
m2γ3
∆λ
[(k(5)a )TTT + 3(k
(5)
a )TT Jβ
′J
+3(k(5)a )T JKβ
′Jβ′K + (k(5)a )JKLβ
′Jβ′Kβ′L]
=
m2γ3
∆λ
[A0 +A1 cosω⊕T⊕ + B1 sinω⊕T⊕
+A2 cos 2ω⊕T⊕ + B2 sin 2ω⊕T⊕
+A3 cos 3ω⊕T⊕ + B3 sin 3ω⊕T⊕]. (12)
The seven amplitudes A0, A1, B1, A2, B2, A3, B3 of the har-
monic oscillations are functions of the coefficients (k
(5)
a )λµν for
CPT violation in the Sun-centered frame, the meson velocity
β j = (βx, βy, βz) in the laboratory frame, and the geometric fac-
tors c ≡ cosχ and s ≡ sin χ. The zeroth harmonic is indepen-
dent of sidereal time and has amplitudeA0 given by
A0 = (k
(d)
a )TTT
+3(βzc − βxs)
[
(k(5)a )TTZ + (β
zc − βxs)(k(5)a )TZZ
]
+ 3
2
(
(βxc + βzs)2 + (βy)2
)
[(k(5)a )T XX + (k
(5)
a )TYY ]
+ 3
2
(βzc − βx s)
(
(βxc + βzs)2 + (βy)2
)
×[(k(5)a )XXZ + (k
(5)
a )YYZ]
+(βzc − βx s)3(k(5)a )ZZZ . (13)
The amplitudesA1 and B1 for the first harmonics are
A1 = 3(β
xc + βzs)(k(5)a )TT X + 3β
y(k(5)a )TTY
+6(βzc − βxs)
[
(βxc + βzs)(k(5)a )T XZ + β
y(k(5)a )TYZ
]
+ 3
4
((βxc + βzs)2 + (βy)2)
×
[
(βxc + βzs)[(k(5)a )XXX + (k
(5)
a )XYY ]
+βy[(k(5)a )XXY + (k
(5)
a )YYY ]
]
+3(βzc − βxs)2
[
(βxc + βzs)(k(5)a )XZZ + β
y(k(5)a )YZZ
]
(14)
4
and
B1 = 3(β
xc + βzs)(k(5)a )TTY − 3β
y(k(5)a )TT X
+6(βzc − βxs)
[
(βxc + βzs)(k(5)a )TYZ − β
y(k(5)a )T XZ
]
+ 3
4
(
(βxc + βzs)2 + (βy)2
)
×
[
(βxc + βzs)[(k(5)a )XXY + (k
(5)
a )YYY ]
−βy[(k(5)a )XXX + (k
(5)
a )XYY ]
]
+3(βzc − βxs)2
[
(βxc + βzs)(k(5)a )YZZ − β
y(k(5)a )XZZ
]
.
(15)
The amplitudesA2 and B2 for the second harmonics are
A2 =
3
2
(
(βxc + βzs)2 − (βy)2
)
[(k(5)a )T XX − (k
(5)
a )TYY ]
+6βy(βxc + βzs)
[
(k(5)a )T XY + (β
zc − βxs)(k(5)a )XYZ
]
+ 3
2
(βzc − βxs)
(
(βxc + βzs)2 − (βy)2
)
×[(k(5)a )XXZ − (k
(5)
a )YYZ] (16)
and
B2 = −3β
y(βxc + βzs)[(k(5)a )T XX − (k
(5)
a )TYY ]
+3
(
(βxc + βzs)2 − (βy)2
)
×
[
(k(5)a )T XY + (β
zc − βxs)(k(5)a )XYZ
]
−3βy(βxc + βzs)(βzc − βx s)[(k(5)a )XXZ − (k
(5)
a )YYZ].
(17)
Finally, the amplitudesA3 and B3 for the third harmonics are
A3 =
1
4
(βxc + βzs)
(
(βxc + βzs)2 − 3(βy)2
)
×[(k(5)a )XXX − 3(k
(5)
a )XYY ]
+ 1
4
βy
(
3(βxc + βzs)2 − (βy)2
)
×[3(k(5)a )XXY − (k
(5)
a )YYY ] (18)
and
B3 =
1
4
βy
(
3(βxc + βzs)2 − (βy)2
)
×[3(k(5)a )XYY − (k
(5)
a )XXX]
+ 1
4
(βxc + βzs)
(
(βxc + βzs)2 − 3(βy)2
)
×[3(k(5)a )XXY − (k
(5)
a )YYY ]. (19)
If sufficient data are taken in a given experiment, then the ex-
pressions (13)-(19) reveal that binning in sidereal time permits
the measurement of seven independent linear combinations of
the 16 observable components of (k
(5)
a )λµν. Since the specific
linear combinations depend on the meson boost, an experiment
with a sufficiently broad meson spectrum can obtain more inde-
pendent measurements by binning in momentum as well. The
dependence on geometric factors implies that distinct experi-
ments with the same meson spectra can also have different sen-
sitivities. For any specific meson species, all 16 components of
(k
(5)
a )λµν appear in the above amplitudes with distinct multiplica-
tive factors, so each component is therefore independentlymea-
surable in principle. However, if this separation is infeasible in
a given experiment, then insight about the comparative sensi-
tivities achieved for different components can nonetheless be
obtained following standard practice in the field [24], by plac-
ing constraints on each independent component taken one at a
time with all others set to zero.
Different experiments may prepare mesons in distinct ways.
Some use uncorrelated mesons from various production pro-
cesses, while others use correlated ones obtained from decays
of quarkonia at rest or boosted. Measurements of coefficients
with d = 3 have been performed with uncorrelated mesons us-
ing the KTeV [7], D0 [11], FOCUS [8], and LHCb [12] de-
tectors, while ones with unboosted correlated K0 have been
completed at KLOE [10] and ones with boosted correlated B0
d
mesons at BaBar [9]. Other experiments could also achieve
interesting sensitivities to coefficients for CPT violation. For
example, the Belle II experiment [41] also involves correlated
mesons and in principle could obtain competitive constraints
[19]. Theoretical asymmetries that isolate CPT violation are
discussed in Refs. [13–19], and investigations of these observ-
ables and other techniques have been adopted in the various ex-
perimental analyses. Analogous methodologies can be applied
for other values of d. In particular, since experiments have al-
ready studied the zeroth and first harmonics of the sidereal time
for all meson species, the results reported for coefficients with
d = 3 can be used to deduce constraints for coefficients with
higher d. Note that the general result (9) reveals that a factor
of the boost β accompanies each appearance of a spatial index
J in any component of (k
(d)
a )µ1µ2...µd−2 , whereas components of
the coefficients with d = 3 are limited to at most a single such
factor. Inferring new results in this way thus requires some care.
These ideas can be illustrated using the case of d = 5, for
which the zeroth and first harmonics are controlled by the am-
plitudes (13)-(15). While many components of (k
(5)
a )λµν appear
in these amplitudes, only the components (k
(5)
a )TTT and (k
(5)
a )TT J
are accompanied with zero or one power of the boost. We can
therefore convert published measurements of coefficients with
d = 3 into measurements of (k
(5)
a )TTT and (k
(5)
a )TT J , providedwe
assume that all other observable coefficients entering the ampli-
tudes (13)-(15) vanish. At a cruder level with the boost factors
disregarded, constraints could in principle be extracted also on
the component combinations (k
(5)
a )TYZ , (k
(5)
a )T XX+ (k
(5)
a )TYY , and
(k
(5)
a )XXZ + (k
(5)
a )YYZ via the amplitude A0, and on the compo-
nent combinations (k
(5)
a )T XZ+(k
(5)
a )TYZ , (k
(5)
a )XXX+(k
(5)
a )XYY , and
(k
(5)
a )XXY + (k
(5)
a )YYY via the amplitudesA1 and B1. A complete
coverage of all T JK and JKL components of (k
(5)
a )λµν would re-
quire a study of the second and third sidereal harmonics using
the amplitudes (16)-(19), which to date is lacking in the liter-
ature for every meson species. Here, we focus on extracting
constraints on the components (k
(5)
a )TTT and (k
(5)
a )TT J , leaving
other prospective investigations open for future research.
In the theoretical analysis above, we considered CPT vio-
lation in a generic neutral-meson system using notation that
makes no distinction between the different species. However,
the behavior of each meson species P0 = K0, D0, B0
d
, B0s can
in principle be governed by distinct coefficients (k
(d)
a,P
)µ1µ2...µd−2
controlling CPT violation. For instance, in the case d = 5 with
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Table 1: Constraints on (k
(5)
a,P
)T Tµ for K
0, D0, B0
d
, and B0s mesons.
Coefficient Constraint (GeV−1) Ref.
|(k
(5)
a,K)TTT − 0.97(k
(5)
a,K)TTZ | < 2 × 10
−24 [13]
|(k
(5)
a,K
)TT X |, |(k
(5)
a,K
)TTY | < 1.8 × 10
−25 [7]
(k
(5)
a,K)TTT (−2.4 ± 4.4) × 10
−17 [10]
(k
(5)
a,K
)TT X (1.2 ± 2.8) × 10
−18 [10]
(k
(5)
a,K)TTY (2.7 ± 2.7) × 10
−18 [10]
(k
(5)
a,K)TTZ (4.2 ± 3.0) × 10
−18 [10]
ND[(k
(5)
a,D
)TTT + 0.97(k
(5)
a,D
)TTZ] (−5.1 to 8.8) × 10
−20 [8]
ND(k
(5)
a,D)TT X , N
D(k
(5)
a,D)TTY (−6.5 to 3.5) × 10
−20 [8]
NBd [(k
(5)
a,Bd
)TTT − 0.7(k
(5)
a,Bd
)TTZ] (−1.3 ± 1.0) × 10
−16 [9]
NBd (k
(5)
a,Bd
)TT X (−3.6 ± 1.1) × 10
−16 [9]
NBd (k
(5)
a,Bd
)TTY (−4.5 to − 0.7) × 10
−16 [9]
(k
(5)
a,Bd
)TTT − 0.8(k
(5)
a,Bd
)TTZ (−1.3 ± 17) × 10
−20 [12]
(k
(5)
a,Bd
)TT X (1.0 ± 0.8) × 10
−19 [12]
(k
(5)
a,Bd
)TTY (2.3 ± 8.1) × 10
−20 [12]
(k
(5)
a,Bd
)TTT − 0.7(k
(5)
a,Bd
)TTZ (−8.0 ± 5.1) × 10
−16 [18]
(k
(5)
a,Bs
)TTT (1.0 ± 1.1) × 10
−14 [16]
|(k
(5)
a,Bs
)TT X |, |(k
(5)
a,Bs
)TTY | < 1.1 × 10
−15 [11]
(k
(5)
a,Bs
)TTT − 0.4(k
(5)
a,Bs
)TTZ (−1.6 to 8.3) × 10
−16 [11]
(k
(5)
a,Bs
)TTT − 0.8(k
(5)
a,Bs
)TTZ (−1.1 ± 2.1) × 10
−18 [12]
(k
(5)
a,Bs
)TT X (0.5 ± 1.4) × 10
−18 [12]
(k
(5)
a,Bs
)TTY (−1.9 ± 1.4) × 10
−18 [12]
coefficients (k
(5)
a,P
)λµν, experiments can report bounds on a total
of 64 independent observables for CPT violation, correspond-
ing to the independent traceless components of the coefficients
(k
(5)
a,K)λµν, (k
(5)
a,D)λµν, (k
(5)
a,Bd
)λµν, and (k
(5)
a,Bs
)λµν that are required to
characterize d = 5 CPT violation completely across the four
neutral-meson systems. In particular, in extracting results for
coefficients with d = 5 from existing experimental results on
coefficients with d = 3, we can in principle access the 16 com-
ponents (k
(5)
a,P
)TTT and (k
(5)
a,P
)TT J among the 64 independent ob-
servable components of (k
(5)
a,P
)λµν.
The equations implementing the conversion from the pub-
lished d = 3 results to d = 5 ones can be obtained by comparing
the amplitudes for ξ(3) obtained from the expression (9) with the
amplitudes (13)-(15) for ξ(5). The explicit form of the match is
(k
(3)
a,P)T ↔ m
2γ2[1 + 3(βzCχ − β
xS χ)
2](k
(5)
a,P)TTT ,
(k
(3)
a,P)X ↔ 3m
2γ2[1 + (βzCχ − β
xS χ)
2](k
(5)
a,P)TT X ,
(k
(3)
a,P)Y ↔ 3m
2γ2[1 + (βzCχ − β
xS χ)
2](k
(5)
a,P)TTY ,
(k
(3)
a,P)Z ↔ 3m
2γ2[1 + 1
3
(βzCχ − β
xS χ)
2](k
(5)
a,P)TTZ . (20)
Some results for (k
(5)
a,P)TTT and (k
(5)
a,P)TT J extracted from the ex-
isting literature using this match are displayed in Table 1. The
table has four parts, one for each of the four mesons K0, D0,
B0
d
, and B0s . Within each part, the rows are organized accord-
ing to the chronological appearance of the original constraint
for the d = 3 case. The first column contains the combinations
of components of (k
(5)
a,P)λµν for which results can be deduced.
The quantities NP appearing in some of the combinations are
defined as NP = ∆m/∆γ, with ∆m = |mb − ma|, ∆γ = |γa − γb|
evaluated for the P0-meson system in question. The second
column lists the results expressed in units of inverse GeV. In
some cases the result is a bound on a magnitude, in others it is
a measurement with standard deviation, and in yet others it is
a range of allowed values, in accordance with the presentation
of the original measurements for d = 3 in the literature. In ob-
taining these results, we adopted mean values of the boost fac-
tors from the published meson spectra. This procedure could in
principle be refined by the corresponding experimental collabo-
rations via detailed reanalysis of the original data incorporating
the full meson spectra. The final column provides citations to
the source literature reporting the original measurements of co-
efficients with d = 3.
The results in Table 1 represent the first reported sensitivities
to nonminimal coefficients for CPT violation in neutral-meson
oscillations. They extend and complement sensitivities to d = 5
spin-independent CPT violation obtained from analyses of ex-
periments with other systems, including charged leptons, pro-
tons, neutrons, and neutrinos [42]. No comparable effects for
photons or gravity are possible in the context of effective field
theory, where the d = 5 CPT-violating operators are necessarily
spin dependent. However, potential sensitivities to quark-sector
SME coefficients controlling d = 5 spin-independent CPT vio-
lation have been proposed for processes such as deep inelastic
and Drell-Yan scattering [35, 43] and are expected to modify
top-quark production and decay in analogy to known effects
in the minimal SME [44]. Spin-independent quark-sector co-
efficients with d = 5 can also induce phenomenologically vi-
able baryogenesis in thermal equilibrium [45], potentially by-
passing the necessity for CP violation beyond the SM and the
Sakharov requirement of nonequilibrium processes [46]. The
results obtained in the present work are competitive, thereby re-
confirming the exquisite sensitivity of meson interferometry to
CPT violation. The prospects are excellent for further advances
and potential discovery in searches for CPT violation using the
neutral-meson systems.
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